Abstract
Introduction

1
Energy storing tendons, such as the human Achilles and patellar tendons, play an important 2 role in locomotory efficiency, decreasing the energetic cost associated with movement [1, 2] .
3
To enable this function, energy storing tendons have distinct mechanical properties, such as 4 greater extensibility and elasticity leading to improved energy storage and return, when 5 compared to tendons that are purely positional in function, such as the anterior tibialis tendon 6 [1, [3] [4] [5] . Energy storing tendons also have superior fatigue resistance, withstanding a greater 7 number of loading cycles prior to failure than positional tendons in mechanical tests using 8 the whole tendon [6, 7] .
9
Tendons are hierarchical fibre-composite materials, in which collagenous units are grouped 10 together, forming subunits of increasing diameter [8] . At the higher hierarchical levels, the 11 collagen is interspersed with a less fibrous, highly hydrated matrix, traditionally referred to as 12 the ground substance [9] . The largest tendon subunit is the fascicle; with a diameter of 13 approximately 300 µm, fascicles are visible to the naked eye and can be isolated by cutting 14 longitudinally through the tendon. Fascicles are bound together by the interfascicular matrix 15 (IFM), which is the largest hierarchical level of ground substance, and is also referred to as 16 the endotenon. The IFM is rich in glycoproteins, elastin and collagens [9] [10] [11] .
17
In order to fully understand tendon structure-function relationships, it is important to 18 characterise the specialisations that result in enhanced energy storage in specific tendons. Our 19 previous studies have demonstrated specialisation of both fascicles and IFM in energy storing 20 tendons. The additional extensibility in energy storing tendons is provided by the IFM, which 21 enables greater sliding between adjacent fascicles, resulting in higher levels of extension in 22 the tendon as a whole [3] . In addition, both fascicles and the IFM are more elastic in energy 23 storing tendons, demonstrating less hysteresis and stress relaxation during cyclic loading than 24 in positional tendons [12, 13] . We have also shown that fascicles from energy storing tendons 1 are more fatigue resistant than those from positional tendons, both in the bovine and equine 2 model [13, 14] , however no previous studies have assessed the fatigue resistance of the IFM 3 and how this differs between tendons with differing functions.
4
In the current study, we adopted the equine model to assess the fatigue response of 5 functionally distinct tendons. The horse is a relevant and accepted model for tendon research,
6
as it is an athletic species which maximises energy efficiency by storage and release of elastic 
Materials and Methods
17
Sample collection and preparation
18
Forelimbs, distal to the carpus, were collected from horses aged 3 to 7 years (n = 4) 19 euthanased at a commercial equine abattoir, as a by-product of the agricultural industry.
20
Specifically, the Animal (Scientific Procedures) Act 1986, Schedule 2, does not define 21 collection from these sources as scientific procedures. The SDFT and CDET were harvested 22 from the forelimbs within 24 hours of euthanasia. While it was not possible to obtain a full 23 exercise history for the horses, none of the tendons had clinical or macroscopic evidence of 24 5 tendon injury. Tendons were wrapped in tissue paper dampened with phosphate buffered 1 saline (PBS) and then in tin foil and stored at -80 °C. On the day of testing, tendons were 2 thawed and fascicles, approximately 30 mm in length, were dissected from the mid-3 metacarpal region of the tendon as previously described (n = 6-8 per tendon) [19] . In 4 addition, groups of two fascicles, bound together by IFM were also dissected from the same 5 region (n = 6-8 per tendon) [3] . Fascicle hydration was maintained by storing the samples on 6 tissue paper dampened with Dulbecco's modified eagle medium (DMEM). 
18
was applied to establish an appropriate and consistent peak load for cyclic fatigue testing.
19
This peak load was subsequently applied to the fascicles in a cyclic manner at a frequency of 
Data Analysis
14
For each test, the number of cycles to failure was recorded. The maximum and minimum 15 displacement data were used to plot creep curves to failure (Fig. 1a) and the gradient of the 16 maximum and minimum displacement curves during secondary creep were calculated.
17
The load and displacement data were used to plot force extension curves (Fig. 1b) . Hysteresis 
24
Fascicle elongation was calculated at cycle 10 and at the cycle prior to failure by subtracting 1 the maximum extension at cycle 1 from the maximum extension in these cycles. It was not 2 possible to calculate IFM elongation, relative to the first cycle, as the low forces involved in 3 this load controlled experiment required several cycles to fully stabilise, therefore the 4 elongation between cycle 10 and the cycle prior to failure was calculated.
5
Statistical Analysis
6
Statistical differences between tendon types were determined using Analysis of Variance 7 (Minitab 17). A general linear model was fitted to the data, with tendon type and horse 8 number included as factors. Data were tested for normality using the Anderson -Darling test.
9
Data that did not follow a normal distribution were transformed using a Box-Cox 
Results
14
Fascicle and IFM fatigue properties are shown in table 1.
15
Fascicle Fatigue Properties
16
Fascicles from the SDFT resisted significantly more loading cycles before failure than those 
21
Fascicle hysteresis was significantly greater in the CDET than in the SDFT at all time points 1 that were assessed (p < 0.01). In both tendon types, hysteresis decreased significantly until 2 the mid-test cycles, and then increased significantly in the final 10 cycles prior to failure (p < 3 0.001; Fig. 4 ).
4
Loading stiffness was significantly greater in fascicles from the CDET than those from the 5 SDFT at cycle 1, and at both 10 and 1 cycles prior to failure (p < 0.05; Fig. 5a ). In fascicles 
13
Initial fascicle elongation was greater in the CDET than in the SDFT (Fig. 6) . However, by 14 the last cycle prior to failure, the total fascicle elongation in the SDFT was greater than in the 15 CDET (Fig. 6 ).
16
In fascicles from the SDFT, hysteresis over the first 10 cycles showed a significant positive 17 correlation with elongation at cycle 10, and was negatively correlated with number of cycles 18 to failure (Table 2 ). Elongation at the 10 th cycle also showed a negative correlation with the 19 number of cycles to failure ( Table 2 ). The percentage change in maximum loading stiffness 20 over the first 10 cycles showed a significant negative correlation with elongation, and was
21
positively correlated with the number of cycles to failure (Table 2 ; supplementary fig. 1 ).
22
There was no relationship between initial mechanical parameters and fatigue resistance in 23 fascicles from the CDET. observed in fascicles, with a decrease until the mid-test cycles, followed by an increase in the 10 10 cycles prior to failure (Fig. 9) .
11
Loading stiffness of the IFM did not differ between tendon types at any of the time points 
18
( Fig. 10b) .
19
There was a trend towards greater IFM elongation between cycle 10 and the cycle prior to 20 failure in the CDET than in the SDFT, but this was not significant (p=0.1).
21
There was no relationship between initial mechanical parameters and number of cycles to 22 failure in the IFM in either tendon type. When considering the fascicle response to fatigue loading, fascicles from the SDFT were able 1 to resist almost 20 times more cycles to failure than those from the CDET, and exhibited 2 significantly lower hysteresis throughout fatigue testing, which indicates greater elasticity in 3 SDFT fascicles. Average stresses applied were comparable between tendon types (Table 1) .
4
However, it is difficult to directly relate diameter with material properties in a complex 5 composite tissue such as tendon, owing to the inhomogeneous composition of the cross 6 section. Therefore it is also relevant to compare the fatigue load applied, which was on 7 average 1.1N greater in CDET fascicles. It is possible that the higher applied loads in CDET tendons exhibit greater fatigue resistance than positional tendons [6, 7] . Indeed, the time to decreased stiffness, similar to that observed in the current study.
17
The micromechanical response to fatigue loading of isolated fascicles has also been did not identify any correlation between elongation and hysteresis, but showed that hysteresis 7 was correlated with the change in loading stiffness [30] . 
16
Conclusion
17
This is the first study to assess the fatigue resistance of the tendon IFM, demonstrating that 18 this structure has the ability to resist a significant amount of cyclic loading, both in the energy showed a negative correlation with elongation over the same period (a; r=-0.61; p=0.013),
21
and was positively correlated with number of cycles to failure (b; r=0.73; p=0.006).
